The aromatic fractions of sediments from Hole 940A, Ocean Drilling Program, Leg 155, have been analyzed. A strong terrestrial contribution of organic matter was found, and some autochthonous inputs were recorded. The distributions of aromatic compounds were dominated by derivatives from amyrins. Diagenetic processes involved in aromatizations and isomerizations have been characterized.
INTRODUCTION
The objective of Leg 155 was to study the evolution of the deepsea fan of the Amazon River for a better understanding of climatic changes and to evaluate circulation patterns in the western equatorial Atlantic. In that respect it was planned to characterize and understand the nature, origin, and diagenesis of organic carbon in this particular environment.
Aromatic compounds are ubiquitous. They are found in all ancient or recent sedimentary environments (Blumer, 1976) . These compounds share two different origins: a biogenic origin, as degradation products of triterpenoids or steroids in the sedimentary environment, and an anthropogenic origin, as generated by high-temperature processes. They have proven to be useful indicators of the origin and of the thermal maturation stage of organic matter (Youngblood and Blumer, 1975; Wakeham et al., 1980a Wakeham et al., , 1980b Garrigues et al., 1987b; Lipiatou and Saliot, 1991; Domine et al., 1994) . Alkylated aromatic hydrocarbons of the phenanthrene or dibenzothiophene series are especially useful as markers of thermal maturity (Radke, 1987 (Radke, , 1988 Garrigues et al., 1988; Budzinski et al., 1993a Budzinski et al., , 1993b . They can also be used for origin assessments. Various studies have shown that the distributions of these compounds (i.e., alkylated phenanthrenes and dibenzothiophenes) in petroleums can be influenced by the origin of organic matter, and, therefore, may reflect its type (Hughes, 1984; Budzinski et al., 1995) . The relative distribution of methyl-dibenzothiophenes can be related to paleoenvironments of source rocks and petroleums (Hughes, 1984; Connan et al., 1986; Schou and Myhr, 1988) . The distribution of alkylated phenanthrenes is also influenced by the type of organic matter as evidenced by Cassini et al. (1988) . A more recent study (Budzinski et al., 1995) has tentatively related the 1-methylphenanthrene to terrestrial origin and 9-methylphenanthrene to marine origin.
The goal of this study was to use aromatic hydrocarbons as molecular tools to elucidate the origin and fate of organic matter. Compounds ranging from tri-to penta-aromatics have been identified, and their distributions have been interpreted in terms of source assessment and diagenesis.
EXPERIMENTAL Materials
Sediments from Site 940 were investigated. This site was chosen to study the processes associated with the development of the levee of the Amazon Fan system. Site 940 is located on the levee of the most recently active fan channel. The turbidite channel located near this site has fed several downstream channel and levee deposits, including the Aqua and Brown systems, during the Stage 2 glacial lowstand (Shipboard Scientific Party, 1995) . The channel became inactive following the post-glacial sea-level rise. The sediments are silty clays and range from Holocene (uppermost sample) to late Pleistocene (isotope Stage 2) in age. The entire hole is younger than 40 ka (Shipboard Scientific Party, 1995) . The geothermal gradient could be estimated at ~29°C/km. The analyzed samples are presented in Table  1 . The correspondence between Ocean Drilling Program (ODP) sample numbers and the sample codes used in this study is also given in Table 1 .
Sample Preparation
The samples were freeze-dried and then extracted with an ultrasonic bath (Hinrichs and Rullkötter, this volume) with a mixture of dichloromethane and methanol (99/1). The extracts were concentrated. After desulfurization on activated copper, they were fractionated by medium pressure liquid chromatography (Radke et al., 1980) to alkanes, aromatics, and polar compounds. The aromatic fraction was then analyzed by gas chromatography coupled with mass spectrometry.
Compounds
The compounds that were quantified are given in the Appendix. Aromatic compounds were identified according to their mass spectra, bibliographic data previously published, and co-injection with standards. Aromatic biogeochemical markers have been kindly supplied by Dr. Albrecht (University Louis Pasteur, Strasbourg, France). The compounds were quantified according to deuterated aromatic standards purchased from MSD isotopes (Canada). The concentrations are given with an accuracy of ±10. They are expressed in nannograms per gram of dry sediment (ng/g dry sed) and in nannograms per gram of total organic carbon (ng/g TOC).
Gas Chromatography/Mass Spectrometry
The aromatic fractions were analyzed by gas chromatography/ mass spectrometry (GC/MS) using an HP5890 series II gas chromatograph coupled with an HP 5972 MSD mass spectrometer. The gas chromatograph was equipped with a splitless injector (purge delay 30 s and purge flow 60 mL/min; T inj = 270°C). The column used was a PTE5 (Supelco, France), 60 m × 0.2 mm ID × 0.1 µm film thickness. Helium was used as carrier gas at 1 mL/min. The column was kept at 50°C for 2 min, then programmed to 290°C at 5°C/min, and kept at 290°C for 10 min. The interface was at 290°C. The mass spectrometer was operated from 50 to 500 dalton (SCAN mode) (electron impact at 70 eV, 2000 V, 1 scan/s).
Some compounds can be coeluted with structural isomers on the GC column that was used (nonpolar stationary phase). To check the validity of the measurements, another column was used. This column contained a liquid crystalline stationary phase. It was a SB-Smectic column (Dionex, Lee Scientific Division, Salt Lake City, Utah, U.S.A.), 50 m × 0.22 mm × 0.1 µm, which has been demonstrated to be very selective in the analysis of isomeric aromatic compounds (Budzinski et al., 1992a (Budzinski et al., , 1992b Wise et al., 1995) . An example of the good chromatographic resolution obtained for methylated triaromatic compounds is shown in Figure 1 . All the isomers are separated; more precisely, 9-methylphenanthrene is separated from 4-methylphenanthrene and 1-methylanthracene, which coelute with it on GC columns such as PTE5.
RESULTS AND DISCUSSION
The quantitative results for the aromatic compounds are given in Table 2 .
Total Aromatic Hydrocarbons
The concentrations of aromatic compounds in the studied sediments are quite uniform (Table 2) . No specific trend (increase or decrease) can be observed within depth. This suggests that in situ diagenetic processes are not the only ones to take into account for the formation of aromatic hydrocarbons. Most of these compounds are more likely formed on land and are transported to the marine environment by erosion and water runoff. This is corroborated by other studies that have observed that even in surface samples (Mahakam Delta, Indonesia), aromatic derivatives of triterpenes are present in quite important amounts (Tissier, 1981) . The influence of in situ diagenetic processes on distributions and concentrations could be very limited.
The sum of all the quantified aromatic compounds ranges from 200 ng/g of dry sediment (i.e., ~20 µg/g of TOC) to ~900 ng/g of dry sediment (i.e., ~100 µg/g of TOC). This sum does not correlate with the TOC content (correlation coefficient = 0.17), which could reflect the fact that the aromatic compounds represent a small part of the bulk organic carbon (the sum of all aromatic compounds <0.01% of bulk organic carbon). Also, these compounds are, in most of the cases, the ultimate products of molecular rearrangements.
The distributions of the aromatic compounds in the Amazon Fan samples are diverse with various molecular structures. The patterns are quite complicated with significant amounts of alkylated compounds present. For example, the ratio of the sum of the concentrations of the methylphenanthrenes vs. the concentration of the phenanthrene (ΣMP/P) exhibits, for all the samples except one (sample 923, 1.69 meters below seafloor [mbsf] ), values >1 and near to 2, which demonstrates the predominance of alkylated phenanthrenes over phenanthrene.
When omitting perylene (see below), the polycyclic aromatic hydrocarbon (PAH) distribution is dominated by compounds derived from triterpenes. Some of these belong to the di-aromatic series such as alkylated octahydro-chrysenes and alkylated tetrahydro-phenanthrenes, others to the tri-aromatic series such as alkylated tetrahydrochrysenes and octahydro-picenes, and finally others to the tetra-aromatic series such as alkylated tetrahydro-picenes (see the Appendix for nomenclature and structures). Such distributions have already been observed in other environments such as the Cariaco Trench (Venezuela; Tissier and Dastillung, 1978) , the Kayar Canyon (Senegal River; Corbet et al., 1979) , lake sediments (Wakeham et al., 1980b) , and the Mahakam Delta (Indonesia; Garrigues et al., 1987a) . These compounds have been commonly related to strong terrestrial inputs. Most of them are mainly derived from higher plant triterpenoids such as α-amyrin or β-amyrin, and they can be used as biomarkers of a terrestrial origin. Typical marine environments, such as sediments from Cape Blanc (Senegal; Corbet et al., 1979) or deep-sea sediments from the North Atlantic Ocean (Atlantic coast of France; Parlenti, 1990) , have proven to be very poor in these compounds. These different features (predominance of alkylated compounds, important amounts of derivatives of triterpenoids) demonstrate the prevailing biogenic origin of the organic matter of these sediments.
Some PAHs (with five rings) were detected at trace levels but not quantified. These include benzofluoranthenes, benzo(e)pyrene, and benzo(g,h,i)perylene (see Appendix for structures). These compounds are typical products of pyrolysis (Laflamme and Hites, 1979; McElroy et al., 1989) and could reflect minor inputs from natural pyrolytic processes like forest fires (Youngblood and Blumer, 1975) .
When considering tetra-aromatic PAHs, fluoranthene, pyrene, benz(a)anthracene, and chrysene, it can be noted that one structural form dominates over the other, that is, pyrene over fluoranthene, and chrysene over benz(a)anthracene. The dominant isomers (i.e., pyrene and chrysene) are thermodynamically more stable. In the case of main pyrolytic origin for these compounds, the reverse trend is generally observed. Fluoranthene dominates over pyrene and benz(a)anthracene dominates over chrysene (Soclo, 1986) . In the case of the sediments of Site 940, even if the existence of a slight pyrolytic source for pyrene and chrysene cannot be discarded, the main source for these two compounds must be biogenic due to their marked predominance over their structural isomers in the sediments. Chrysene coelutes with triphenylene on the PTE5 column that was used. On the liquid crystalline phase this coelution is resolved (Wise et al., 1995) . The contribution of triphenylene was calculated and substracted by the use of the liquid crystal stationary phase.
Perylene
Perylene is the most abundant aromatic compound. It represents from 30% to 70% of all aromatic compounds that have been quantified. Large continental inputs, in conjunction with a reducing medium, could explain these high perylene abundances because of good preservation of possible precursors (Venkatesan, 1988) . The average perylene concentration is higher in the upper part of the hole (an average of 413 ng/g of dry sediment or 47 µg/g of TOC for sample 923 (1.69 mbsf) to sample 928 (54.33 mbsf) than in the lower part (an av- 
Phenanthrene Compounds
The distributions obtained for the methylphenanthrenes (MPs) are presented in Figure 2 . It can be noted that for all samples, except for the first level (sample 923), 9-MP slightly dominates the methylphenanthrene distribution (it accounts for ~30% of all four MPs). The lack of 4-MP was checked with the liquid crystalline phase in GC in order to ensure the concentrations of 9-MP.
For sample 923 (1.69 mbsf), 1-MP dominates the methylphenanthrene distribution (it represents 44% of the four methylphenanthrenes). Phenanthrene dominates over methylphenanthrenes for the first sample (ΣMP/P = 0.32; Table 3 ). On the contrary, the methylphenanthrenes are more abundant than phenanthrene for the other samples (ΣMP/P > 1; Table 3 ). This could reflect diagenetic evolution. Indeed, alkylation processes of phenanthrene can occur during diagenesis (Radke et al., 1982) , and position 9 is the most reactive. So the predominance of 9-MP may be associated with alkylation processes and correlated with high abundances of methylphenanthrenes relative to phenanthrene. However, where alkylation processes are not important, especially at the beginning of diagenetic evolution, phenanthrene can dominate over methylphenanthrenes, and the fingerprint of methylphenanthrene isomers could reflect the natural input of precursors. In this case, the high abundance of 1-MP in the upper sample (sample 923) could be related to large inputs of terrestrial organic matter (Alexander et al., 1987) and the case of MP distribution in sample 923 (relative to the nine other samples) could also reflect temporal change in input.
Regarding the methylphenanthrenes, different concentration ratios have evolved and are used in petroleum geochemistry as thermal maturity indices (Radke, 1987 (Radke, , 1988 . For example, the MPI 3 ratio, calculated as (2-MP + 3-MP) / (9-MP + 1-MP + 4-MP), can increase with greater thermal maturity (Garrigues et al., 1988) . Indeed, previous studies have reported a relative increase in the abundance of 2-MP and 3-MP relative to 9-MP and 1-MP when maturity increases (Radke et al., 1982) . The values obtained for this ratio in the case of the present study are given in Table 3 . It increases regularly with a depth up to 120 mbsf (Fig. 3) . This behavior could indicate diagenetic evolution. When considering this trend, it appears that more rapid diagenetic evolution seems to take place between the two upper samples (923 and 924), between 1.69 and 7.55 mbsf. The drop of the values of this ratio for the two deeper samples could reflect a change in input.
Biogeochemical Markers
Aromatic compounds derived from amyrin and lupeol were identified in the different samples. Some derivatives from hopanoids were also detected. A typical partial total ion current trace encountered in this study is presented in Figure 4 . The chemical structures and the names of the aromatic biomarkers that were identified are given in the Appendix.
To simplify the discussion, the designations were adapted from Garrigues et al. (1987a) for the compounds derived from the triterpenoids. When the aromatic part of the molecule is a naphthalene structure, the letter N is used; when the skeleton shows a phenanthrene structure, the letter P is used; and for a chrysene structure, the letter C is used. When a methyl group is present on ring A (see Appendix), the letter M is added; α is added for the derivatives of α-amyrin, and β for the derivatives of β-amyrin. Finally, if the compounds have been generated by microbial degradation (cleavage of one ring), the letter d is added.
Derivatives from β-amyrin are predominant over derivatives from α-amyrin. The two classes of compounds show similar behavior vs. depth (Fig. 5) . This suggests that they share identical pathways of formation. This observation corroborates those of Garrigues et al. (1987a) in the case of the sediments from the Mahakam Delta (Indonesia) and those of Tissier and Dastillung (1978) in the case of the sediments from the Cariaco Trench. The predominance of derivatives from β-amyrin could be explained by the fact that this alcohol could be degraded more preferentially than α-amyrin (Dastillung, 1976; Corbet, 1980) . Indeed, the double bond in β-amyrin is less hindered than in α-amyrin. So functionalization and the subsequent evolution of derivatives of β-amyrin would be easier than those of α-amyrin. This explanation could be corroborated by the fact that only derivatives of β-amyrin are encountered in crude oils of the Mahakam Delta (Garrigues, 1985) . Another explanation could be a higher abundance of β-amyrin in higher plants in comparison to α-amyrin (De Mayo, 1959) . The two alcohols, α-and β-amyrin, can undergo two different mechanisms of degradation ( Fig. 6 ; adapted from Laflamme and Hites, 1979) . In both cases, the degradation starts from ring A, and aromatization progresses from ring A to ring D. Concerning the first mechanism (I), the cleavage of the ring A leads to tetracyclic structures and is associated with microbial processes (Trendel et al., 1989) .
Compounds generated from bacterial degradation (I), MPβd and MPαd, are predominant in the case of the triaromatic derivatives. The ratios MPβd:MPβ and Mpαd:MPα are always >1 (Table 3 ). The weak abundance of MPβ and MPα could be explained by a rapid aromatization (mechanism II) of the pentacyclics to generate tetra-aromatics (MCβ and MCα). But in this case, the ratios MCβ:MPβ and MCα:MPα would have shown high values, which is not the case. Their values (Table 3) are low (~0.14 and 0.19, respectively). The microbial process (I) seems to be the major mechanism in the degradation of the two alcohols.
In the case of microbial degradation (pathway I), the diaromatics are generally less abundant than the triaromatics. The ratio MPβd:MNβd is greater than 1 for all the samples, except for the first depth (Table 3 ). This indicates that the transformation of triterpenoid alcohols like amyrins (defunctionalization, cleavage of ring A, aromatization) is nearly complete within the first 2 m. Nevertheless, for the first sample (sample 923, 1.69 mbsf), the microbial transformation of β-amyrin has not reached the end product (formation of triaromatics) because, for this sample, diaromatics are slightly more abundant than triaromatics (MPβd:MNβd = 0.98; Table 3 ).
When considering the derivatives from both degradation pathway I and pathway II, a different behavior vs. depth can be noted (Fig. 7) . If the sum of all the compounds from pathway I (microbial degradation) is considered, there is a strong increase of absolute concentration corresponding to sample 926 (36.34 mbsf). This trend is not not- ed for the compounds generated from pathway II. This feature can tentatively be related to high microbial activity during the deposition of this sample. The cleavage of ring A would have been favored yielding the diaromatics and triaromatics in high amounts. This could be linked to the depth of sulfate penetration that was found to be about 30 m (Shipboard Scientific Party, 1995) , and which might be consistent with intense microbial action at this depth.
Another difference can be observed between pathway I and II. When considering derivatives generated from amyrins solely by defunctionalization and aromatization (pathway II), triaromatics (MPβ and MPα) are more abundant than the tetra-aromatics (MCβ, MCα). The ratios MCβ:MPβ and MCα:MPα have low values (between 0.10 and 0.20; Table 3 ). The compounds generated during the last step of aromatization in pathway II (tetra-aromatics) are minor in comparison to triaromatics. This is the opposite trend as to what was observed for pathway I. It can be stated that microbial degradation (pathway I) is not only a predominant transformation process but is also faster than the transformation involved in pathway II.
Nl and Pl have been identified as derivatives of lupeol. In the case of lupeol, two degradation pathways can also be considered. The cleavage of ring A, followed by aromatization, gives Nl and Pl. On the other hand, aromatization without cleavage of ring A gives Cl (Laflamme and Hites, 1979) . Cl is totally absent in the samples that have been studied. As for the derivatives from amyrins, it appears that microbial degradation of lupeol (with cleavage of ring A) is favored. Derivatives, MPh, and MCh, have been identified in the hopane series. They reflect microbial activity and can be related to an autochthonous origin. The tetraaromatic compound (MCh) is more abundant than the triaromatic (MPh). This is the opposite trend to what was observed for the compounds derived from amyrins. Garrigues et al. (1987a) showed similar results in the case of samples from the Mahakam Delta (Indonesia), and Chaffee and Johns (1983) have observed the lack of MPh in an Australian coal. The derivatives from hopanes are expected to aromatize more rapidly than those from amyrins (Garrigues et al., 1986 (Garrigues et al., , 1987a .
CONCLUSIONS
Phenanthrene and chrysene compounds, derived from triterpenoids, are the most predominant aromatic compounds in the samples studied from Site 940, and they reflect high terrestrial inputs. This strong terrestrial origin is also corroborated by the large amounts of perylene that have been detected. A slight trace of autochthonous inputs (based on aromatic hopane derivatives) was also recorded.
In situ diagenetic processes cannot explain the formation of aromatic compounds in the studied environment. Most of the aromatic compounds observed in the samples appear to be land-derived and transported by erosion; the influence of diagenetic transformations is therefore limited.
Derivatives of α-and β-amyrin were found to be the most abundant aromatic derivatives. When considering the evolution of the concentrations of these biomarkers with depth, it appears that some diagenetic processes could take place between the two upper samples, that is, between 1.69 and 7.55 mbsf. This was also recorded by the evolution of the methylphenanthrenes with depth. These isomers, which are useful markers of thermal evolution, follow the terpenoid isomerization or rearrangement reactions vs. depth in this study.
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